INTRODUCTION
Problems related to increases of green house gases in the atmosphere and the . It of fossil fuels have made the conversion of C02 into useful chemicals and fuels an important area of research. However, C02 reduction poses many scientific challenges. Despite intense interest in photochemical and electrochemical C02 reduction, the kinetics and mechanism of the reduction remain unclear in many systems.
A number of 14-membered tetraazamacrocyclic complexes serve as catalysts for photochemical and electrochemical C02 reduction. [CoHMD(H20)](C104)2 (HMD = 5,7,7,12,14,14-hexamethy1-1,4,8,11-tetraaza-cyclotetradeca-4,11-diene) L2 and Ni(cyclam)C12 (cyclam = 1,4,8,11-tetraaza~yclotetradecane)~ have been used as electrocatalysts for the reduction of CO2 in H20 or aqueous CH3CN. The ratio for COLE32 production is -1 for [CoHMD(H20)](C104)2 and >lo0 for Ni(cyclam)Cl2. Metal(I) complexes, metal(I1I) hydride complexes, and metallocarboxylates such as [NiIII(cyclam)(CO22-)p are postulated as intermediates in the electro-and photo-chemical CO2~eduction.~ Our research focuses on mechanistic and kinetic studies of photochemical and electrochemical C02 reduction that involves metal complexes as catalysts. This work makes use of UV-vis, NMR, and FTIR spectroscopy, flash photolysis, pulse radiolysis, X-ray diffraction, XANES @-ray absorption near-edge spectroscopy) and E M S (extended X-ray absorption fine structure). Here we summarize our research on photochemical carbon dioxide reduction with metal macrocycles.
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The equilibration between the N-rac-and N-meso cobalt(I1) isomers is slow in acidic aqueous and organic media, but equilibration of the two cobalt(I) isomers is relatively rapid (>2 x 10-3 s-1) in CH3CN.
rac HMD meso HMD he C02 b&ding constants of the corresponding [CoHMD]+ isomers are quite different: N-
While gen bonding interactions between the bound C02 and amine protons of the macrocycle nd to stabilize both adducts, the N-meso adduct is destabilized by the steric repulsion by the macrocycle methyl group.
Although the N-rac-[CoHMD(CO2)]+ adduct decomposes to N-rac-[CoHMD]2+ and CO in wet CH3CN,' it is stable enough to handle in dry CH3CN under a C02 atmosphere. The complex is themochromic,637 being purple at room temperature and yellow at low temperature (-100 "C) as shown in Figure 1 . The equilibrium between five-coordinate [CoHMD(CO2)]+ (purple) and six-coordinate [COHMD(CO~)(CH~CN)]+ (yellow) has been studied by W-vis, 1H NMR, FT-R, XANES and EXAFS in CH3CN.69739
The singular value decomposition (SVD)13-15 spectral analysis of the temperature-dependent UV-vis data between 26 and -40 "C is consistent with the presence of two species in CH3CN.
The fit gives AHo= -7.0 kcal mol-1 and ASo= -27 cal K-1 mol-1 for eq. 2.7The equilibration is rapid on the NMR time scale. The pressure dependence of the equilibrium constant shows that increasing pressure shifts the equilibrium toward the six-coordinate species with an overall reaction volume of AVO = -17.7 f 1.0 mL mol-1 at 15 C" in CH3CN.16 The FT-IR spectra measured over the range 25 to -75 "C in CD3CN and in a CD3CN/THF mixture indicates7 the existence of four C02 adducts with and without intramolecular hydrogen bonds between the bound CO2 and the amine hydrogens of the ligand: a five-coordinate, nonhydrogen-bonded form (vc-= 1710 cm", v m = 3208 cm-l), a five-coordinate hydrogenbonded form (vc-= 1626 cm-l), a six-coordinate non-hydrogen bonded form (VC-= 1609 cm'l, VM~[ = 3224 cm'l), and a six-coordinate hydrogen-bonded form (vc=o = 1544 cm-l, = 3 145 cm-l). X-ray absorption spectroscopy is an attractive tool for the characterization of metal complexes in solution. The metal coordination number, geometry, and electronic properties can be studied using XANES and the metal-ligand bond distances are obtained through The edge enerm, relative to [CoIIHMD]2+, decreases 1 eV upon reduction and increases 2 eV upon oxidation. As seen from Figure 2 
DISCLAIMER

PHOTOCHEMICAL CO2 REDUCTION WITH COBALT MACROCYCLES: MECHANISTIC * AND KINETIC STUDIES
Our previous studies indicated that cobalt macrocycles mediate the photoreduction of C02 to CO with p-terphenyl (TP) as a photosensitizer and a tertiary amine as a sacrificial electron donor in a 5: 1 acetonitrile/methanol mixture.22 The system enhances the activity of the TP by suppressing the formation of dihydroterphenyl derivatives and produces CO and formate efficiently with only small amounts of H2. The total quantum yield of CO and formate is 25% at 3 13 nm in the presence of triethanolamine (TEOA) and C~(cyclam)~+. 
PHOTOCHEMICAL C02 REDUCTION WITH NICKEL MACROCYCLES
Photochemical C02 reduction
In contrast to the cobalt-based system, small amounts of H2 and no CO are produced when nickel cyclam or other saturated 14-membered tetraazamacrocycles (L) in Figure 3 are used to replace the cobalt complex in the above system.22 Flash photolysis studies indicate that the electron-transfer rate constant (k13) for the reaction of the p-terphenyl radical anion with NiII(cyclarn)2+ is 4.3 x 109 M-1 s-1. However, when C02 is added to the solution, the Both NiL+ and NiL(CO2)+ species are formed under C02 atmosphere by irradiation at 313 nm in acetonitrile solutions containing TEA and NiL2+. In order to understand the interesting behavior of these nickel-based systems we have studied the nature of the ground-state compiexes, electrochemical C02 reduction, and the differences in C02 binding between cobalt and nickel macrocycles. 
Electrochemical C02 reduction with nickel macrocycles
The electrocatalytic activity of various nickel macrocycles in aqueous solution were studied. Cyclic voltammograms indicate that RRSS-NiHTIM2+, NiMTC2+ and NiDMC2+ are better catalysts than Ni(cyclam)2+ in terms of more positive potentials and/or their larger catalytic currents.26 Bulk electrolyses with 0.5 mM Ni complexes confirm that these complexes are excellent catalysts for the selective and efficient C02 reduction to CO. The macrocycles with equatorial substituents showed increased catalytic activity over those with axial substituents. These structural factors may be important in determining their electrode adsorption and C02 binding properties.
Properties of NiIIL2+ complexes
Ni ( Potential, mV Figure 3) . With RRSS-NinHITM2+, a single isomer, we observed only one CO stretching band at 1630 cm-l. We have determined C02 binding constants for both Ni (1) The structure was confirmed by an X-ray diffraction study.z6 C02 binding constants of Co(1) and Ni(I), and the PKa of ML(H-$+ are shown in Table 1 . As can be seen, the C02 binding constant for CoHMD+ is much larger than those for the Ni macrocycles. In H20, the binding constants are larger than the corresponding values in CH3CN. C02 binding constants for Ni macrocycles are very small, however we see some effect due to ligands. Complexes with axial methyl groups, such as NiTM, show almost no binding of C02. The trend of the binding constants does not parallel the electrocatalytic activities which is RRSS-NiHTIM2+ > Ni(cyclam)?+ > NiTM2+.27 The rate constants for C02 binding by CoHMD2+ are also about 10 times larger than those by Ni macrocycles. The PKa of cobart hydride is 1 1.4, but the corresponding pKa values for the nickel macrocycles are less than 2.
CONCLUDING REMARKS
CoHMD2+ and Co(cyclam)2+ are good catalysts for photochemical C02 reduction because of the small COIIL~+/COIL+ reorganization energy, the fast C02 binding to CdL+ (1.7 x los M-1 s-1) and the large Kco2. Our XANES results clearly indicate that active metal catalysts, such as [Co!HMD]+, can promote two-electron transfer to the bound C02 (reduce C02 to CO22-) and thereby facilitate reduction of C02. However since CdL+ reacts with H+ in C02 saturated water (pH -4) the selectivity of C02 reduction in water is not high.
NiL2+ (L = cyclam and its derivatives without axial groups) are excellent electrocatalysts for C02 reduction. It is known that adsorbed NiIL+ is the active species, however the C 0 2 binding constants are not known. We find high selectivity for C02 reduction due to the low PKa of the hydride. Ni(cyclam)2+ may not be a good photocatalyst because of the large NiIIL2+/NiIL+ reorganization energy, small C02 binding constant to NiL+ and instability of the trivalent state. We note that TEA is not an innocent electron donor.
It can bind to the nickel center and make the energetics unfavorable for CO;! reduction. The Ni(1) species is formed by irradiation of the solution containing ~i(cyclam)(TEA)2]2+ species at 3 13 nm probably due to the intramolecular electron transfer from TEA to Ni.
